INTRODUCTION
[4], indicating the existence of independent effects of insulin and cyclic AMP on FAS expression. There are, however, no reports Fatty acid synthase (FAS) plays a central role in de novo on the molecular mechanisms underlying insulin regulation of lipogenesis in mammals and birds by catalysing all ofthe reactions FAS gene transcription. Insulin is known to stimulate or inhibit in the conversion of acetyl-CoA and malonyl-CoA to palmitate.
the expression of several genes [7] [8] [9] . However, neither the Fatty acid synthesis is stimulated when glucose is in abundance consensus cis-acting DNA sequences nor the trans-acting factors and the flow of metabolic intermediates through glycolysis is responsible for insulin regulation of gene transcription have been high. FAS activity is not known to be regulated by allosteric defined. effectors or covalent modification. However, the FAS conAlthough the 5' flanking regions of the rat and goose FAS centration is exquisitely sensitive to nutritional, hormonal and genes have been isolated [10, 11] , the dissection of the FAS prodevelopmental states [1, 2] . The concentration of FAS in liver and moter has never been reported. As a first step toward underadipose tissue changes drastically when animals are subjected to standing the positive regulation of FAS gene expression by different nutritional and hormonal manipulations. When rats are insulin, we have tested whether the 5' flanking region of the rat fasted for 1-2 days, the rate of synthesis of FAS declines, and FAS gene can confer insulin-responsiveness to a linked reporter refeeding with a high carbohydrate diet increases synthesis of gene in 3T3-L1 adipocytes and H4IIE hepatoma cells. Our FAS [3] . Increased circulating insulin and decreased glucagon results show that the promoter activity of these FAS chimaeric levels participate in the regulation of FAS synthesis. We have constructs is stimulated by insulin in both cells lines. Furtherpreviously reported that FAS mRNA is not detectable in fasted more, the promoter activity also increases during adipose conmouse liver and that refeeding causes a dramatic increase in FAS version of 3T3-L1 cells. We report here that the insulin-responsive mRNA [4] , due to changes in the rate of transcription of the FAS sequences, as well as sequences involved in differentiationgene [5] . However, the increase in transcription of the FAS gene dependent increase in FAS expression, are located within 332 bp by fasting/refeeding was not observed in diabetic mice. In of the transcription start site. addition, the mRNA level and transcription rate for FAS were very low in diabetic mice, and insulin caused a marked and rapid MATERIALS AND METHODS increase in both mRNA level and rate of transcription [5] . We
Cell culture have also shown that the FAS mRNA level increases about 20-fold during differentiation of 3T3-L1 cells to adipocytes due to 3T3-LI preadipocytes [12] were cultured in Dulbecco's modified increases in both the rate of transcription and the stability of t4e Eagle's medium containing 10 % fetal bovine serum. Adipocyte mRNA [6] . We have also observed that insulin increases and differentiation was initiated by treating cells at confluence cyclic AMP decreases FAS mRNA levels in 3T3-L1 adipocytes with 0.5 mM 1-methyl-3-isobutylxanthine and 0.25 ,uM dexa- The mixture was extracted with xylenes, according to the previously described method [15] , and radioactivity was counted.
f6-Galactosidase activity was assayed spectrophotometrically as previously described [16] . Firefly luciferase activity was assayed according to previously reported methods [17] , using a luminometer (Berthold). Protein concentrations of extracts were determined by the Bio-Rad (San Diego, CA, U.S.A.) Coomassie Blue dye binding assay using BSA as standard [18] . CAT activity was normalized to ,-galactosidase or luciferase activity. We have previously shown that FAS gene expression increased during differentiation of 3T3-L1 fibroblasts into adipocytes and that this increase was due to both transcriptional and posttranscriptional control [4, 6] . In the present studies, we used a Growing preadipocytes were transfected with either pSV2-CAT or the fusion constructs containing 2100 and 1009 bp of the 5' flanking region of FAS gene linked to the reporter gene CAT, along with plasmid pSV2-Neo (whose expression confers resistance to the antibiotic neomycin). Some cultures were also co-transfected with 11ug of pSV2-4uciferase. After 2 weeks of selection in G418-supplemented medium, resistant clones were isolated as either individual or pooled clones. Cells were harvested as preadipocytes (2 days post-confluence) or adipocytes (5 days after differentiation was induced, as indicated in the Materials and methods section). Results are expressed as a fold change in CAT activity in adipocytes compared with preadipocytes, and are means + S.E.M.; n represents the number of individual and mixed clones assayed.
Plasmid
Change in CAT activity (fold)
the increase in CAT activity during differentiation. Several transfectants containing -2100CAT and -1009CAT have been isolated to study expression of the FAS-CAT fusion genes before and after adipocyte differentiation. When the stable transfectants containing -2100CAT and -1009CAT constructs were induced to differentiate, CAT activity increased by 3.0 + 0.5-and 2.6 + 0.4-fold respectively in adipocytes compared with preadipocytes (Table 1 ). This increase in reporter gene expression was specific to the FAS promoter, since CAT activity decreased by 70% during the differentiation process when driven by simian virus 40 (SV40) promoter sequences, which is in agreement with a previous report by Djian et al. [21] . Therefore the results obtained in stable transfections are in agreement with those obtained in transient transfections. Overall, these experiments show that the sequences required for the differentiation-dependent increase in FAS transcription are present within 332 bp upstream of the transcription start site. We have previously shown that FAS mRNA increases about 20-fold during adipocyte differentiation of 3T3-L1 cells [4] . In the present paper, FAS promoter activity increased about 3-fold during differentiation when assessed by transfection assays, compared with a 1.5-fold increase in FAS transcription in run-on assay experiments [6] . The 2-fold difference might be due to the differences in the sensitivity of CAT transfection and run-on transcription assays. Our results, however, confirm that the FAS gene is both transcriptionally and post-transcriptionally controlled during adipose conversion of these cells. In contrast to the other adipose-specific genes such as stearylCoA desaturase [22] and adipose P2 (aP2) [23] , whose transcription is not detectable in preadipocytes but dramatically increases during adipocyte differentiation, FAS gene transcription is high in preadipocytes, as we have shown previously by transcription run-on assays and also here by high CAT activity [6] . For the stearyl-CoA desaturase and aP2 genes, proximal promoter elements containing API and C/EBP binding sites direct differentiation-dependent gene expression in cultured adipocytes, and C/EBP is a transactivator of these promoters [24] . Previous studies have identified a differentiation-dependent factor that binds to an enhancer 5 kb upstream of the aP2 gene [25] [26] [27] . Possible transactivation of FAS transcription by C/EBP or other factors during adipocyte differentiation has not been studied. The region upstream of the transcription start site of the FAS gene, extending to -332, contains an inverted CAAT sequence (ATTGGCC) between -98 and -92. The region from -290 to the CAP site is very GC-rich and contains five sequence elements similar to the SpI binding consensus sequence [10] . It is not known whether these sequences are involved in regulation of FAS expression during adipocyte differentiation. these deletions have a common 3' end at + 67. These constructs were introduced into 3T3-L1 fibroblasts or mature adipocytes to compare basal promoter activities in both cell types. The basal promoter activity was similar among the different constructs when transiently transfected into 3T3-L1 cells (Figure 2 ). In addition, CAT activity was 2.7 +0.3-, 3.1+0.4-, 3 .1+0.7-and 3.6+0.9-fold higher in differentiated than in undifferentiated cells for plasmids -2100CAT, -1400CAT, -1009CAT and -332CAT respectively (Figure 2 ).
Expression of FAS-CAT fusion genes in preadipocytes and adipocytes of stable transfectants
Expression from transiently transfected plasmids depends on the number of cells which take up the transfected gene, as well as on promoter sequences. We therefore isolated cell lines in which the FAS-CAT fusion gene is stably integrated, in order to confirm
Regulation of FAS-CAT fusion genes by insulin in translent and stable transfections of 3T3-L1 adipocytes
To define DNA elements which are required for regulation of the FAS gene by insulin, plasmids containing the 5' flanking region of the rat FAS gene fused to the CAT reporter gene were transfected into 3T3-LI adipocytes. 3T3-LI cells, when differentiated into adipocytes, show high insulin receptor numbers and increased sensitivity to insulin [12, 28] . We have previously shown that FAS transcription is increased rapidly in the livers of streptozotocin-diabetic mice treated with insulin [5] . We also observed a 3-fold increase in the FAS mRNA level when 3T3-LI adipocytes were treated with insulin, indicating an independent insulin effect [4] . Therefore these cells probably contain all the components necessary for insulin regulation of FAS gene transcription. Following transient transfection, 3T3-LI adipocytes were maintained for 48 h in serum-free medium Table 2 Insulin-stimulated expression of the FAS-CAT fusion genes in transient and stable transfections of 3T3-L1 adipocytes In (a) differentiated 3T3-L1 cells were transiently co-transfected with 2 ,ug of pSV2-4uciferase and 10 ,ug of -2100CAT, -1400CAT, -1009CAT or -332CAT constructs. In (b) differentiated stable transfectants containing SV40 promoter sequences or 2100 and 1009 bp sequences of the 5' flanking region of FAS were obtained as indicated in the Materials and methods section and the legend to Table 1 . Adipocytes from the above transient and stable transfections were preincubated overnight in serum-free medium, then treated with or without 10 nM insulin for 48 h. Cells were then harvested and assayed for CAT and luciferase activities. The ratio of CAT to luciferase served as a measure for normalized CAT activity when both genes were co-transfected. In transient transfections, each value represents the mean + S.E.M. of 5, 10, 11 and 12 independent experiments for the -2100CAT, -1400CAT, -1 OO9CAT and -332CAT constructs respectively. In stable transfections, the values represent the mean + S.E.M. of 4, 6 and 5 individual or pooled clones of 3T3-L1 cells transfected with pSV2, -21 OOCAT and -1 009CAT constructs respectively. Each experiment represents the average from duplicate or triplicate plates of cells.
Plasmid
Increase in CAT activity (fold) We have used concentrations ofinsulin within the physiological range to study the regulation of FAS-CAT fusion gene expression. The maximal effect of the hormone was obtained at 10 nM (results not shown), suggesting that the insulin effect is mediated through the insulin receptor. This is in contrast to studies by Goodridge's group, reporting that the insulin effect on FAS expression was mediated by the insulin-like growth factor-1 receptor in chick embryo hepatocytes [29] . In those studies, 50 % of the maximal effect of insulin on FAS expression was achieved at a concentration of 50 nM, and insulin had no effect by itself on FAS enzyme activity, mRNA content or transcription, but was only able to amplify stimulation by tri-iodothyronine (T3) [29, 30] . These results agree with our previous reports with respect to the positive transcriptional effect of T3 on FAS expression in 3T3-L1 adipocytes [6] . However, our present studies, along with our previous report, show evidence of a transcriptional effect of insulin on FAS: we have shown that transcription of FAS is increased in the livers of diabetic mice after administration of insulin [5] . Although the studies in vivo might not reflect a direct insulin effect, we also observed that FAS mRNA increased in 3T3-Ll adipocytes upon insulin treatment [4] . Our present results, therefore, indicate that the regulation of a transfected FAS-promoter-CAT fusion gene reflects that of the endogenous FAS gene. The reason for the discrepancy in insulin regulation of FAS between murine adipocytes and chick embryo hepatocytes is not known. It may be due to the fact that insulin was added to chick embryo hepatocytes at the time that the cells were put in culture [29, 30] , whereas in our experiments 3T3-L1 adipocytes were preincubated in serum-free, and hormone-free, media before insulin addition. Nevertheless, it is also possible that different mechanisms are involved in the regulation by insulin of FAS in chick embryo hepatocytes and murine 3T3-LI adipocytes.
Insulin-stimulated expression of FAS-CAT fusion genes in adipocytes of stable transfectants of 3T3-L1 cells Because in transient transfections not all cells express the transfected plasmid, we also utilized cell lines in which the FAS-CAT fusion gene is stably integrated to study the effect of insulin on FAS promoter activity. Several transfectants containing the -210OCAT and -1009CAT plasmids were generated and insulin regulation of the FAS-CAT fusion gene was studied in the same conditions as in transient transfections. The magnitude of stimulation by insulin varied between 1.5-and 7-fold depending on the transfectants when isolated clones were studied (results not shown). Therefore we have also included pooled colonies (> 500) in studying insulin responsiveness. -21OOCAT and -1009CAT increased CAT activity upon insulin treatment by 3.0 + 0.3 and 3.5 + 0.6-fold respectively (Table 2b ). The insulin effect was specific to the 5' flanking region of FAS, since the CAT activity of stable transfectants expressing SV40-CAT fusion genes decreased by 30 % upon insulin treatment. These results agree with those obtained in transient transfections, and together suggest that one or more cis-acting elements for insulin are located within 332 bp upstream of the transcription start site. All the culture media used in the above experiments contained a high glucose concentration. It has been previously reported that at least some of the insulin effect on some metabolic enzymes requires glucose [31] [32] [33] . Earlier studies showed carbohydratedependent induction of FAS in insulin-treated primary cultures of rat hepatocytes [34] . We have tested the effect of carbohydrate on FAS-CAT expression in 3T3-L1 adipocytes, and have found that no significant insulin effect was obtained in the presence of lactose; however, insulin increased CAT activity in glucosesupplemented medium, indicating that the insulin-stimulated increase in FAS transcription may be dependent on increased glycolysis (results not shown).
Insulin-stimulated expression of FAS-CAT fusion genes in transient transfections of H411E hepatoma cells
In order to investigate whether FAS promoter sequences mediate insulin responsiveness in other cell lines, we transiently transfected H4IIE cells with FAS-CAT fusion genes and examined the effect of insulin on CAT activity. The hepatoma cell line has been studied for both positive regulation of the glyceraldehyde-3-phosphate dehydrogenase gene [9] and negative regulation of the phosphoenolpyruvate carboxykinase gene [7, 8] by insulin, and appears to be a good model system for investigating the effects of insulin on gene expression. Plasmids -21OOCAT, -1400CAT, -1009CAT and -332CAT were transien-tly transfected into hepatoma cells. The results in Table  3 show that CAT activity was increased about 3-fold by insulin Table 3 Insulin-stimulated expression of the FAS-CAT gene in transiently transfected H411E hepatoma cells Hepatoma cells were co-transfected with pRSV-,-gal and pFAS-CAT fusion genes containing 2100, 1400, 1009 and 332 bp of the 5' flanking region of the FAS gene. Cells were preincubated in serum-free or serum-supplemented medium (0.5%) overnight, then maintained for 48 h in the same medium supplemented or not with insulin. Cells were then harvested and assayed for CAT and fl-galactosidase activities. CAT activity was normalized to fl-galactosidase activity when both genes were co-transfected. Results are expressed as fold changes in CAT activity in insulin-treated compared with untreated cells, and are means + S.E.M.; n represents the number of independent transfections carried out in each case. In each experiment, duplicate or triplicate plates were transfected.
Plasmids
Serum-free medium 0.5% serum
3.1 (n = 2) 3.1 +0.8 (n = 7) 3.0 + 0.7 (n = 8) 2.3 +0.5 (n = 7) 2.6 + 0.4 (n = 5) 3.3 +0.9 (n = 6) 3.1 + 0.4 (n = 6) 2.9 + 0.6 (n = 5) when any of these plasmids was transfected. The reported CAT activities were corrected for transfection efficiency using an internal reference, whose activity also increased to various extents with insulin treatment (results not shown). Thus Because CAT activity is significantly decreased in hepatoma cells in serum-deprived media (results not shown), some experiments were carried out at a low serum concentration (0.5 %) instead of in serum-free media. Insulin induction of CAT activity was again about 3-fold after correction for the internal control, as shown in Table 3 . Previous studies have shown that sequences located between -320 and -299 of the c-fos gene were required for serum induction [35, 36] . The same SRE sequences have been shown to mediate the insulin response in CHO cells overexpressing the insulin receptor [37] . It has been reported that insulin rapidly stimulates accumulation of the proto-oncogene c-fos in 3T3-Ll [38] and H4IIE cells [39] . Early induction of the c-fos gene by insulin has therefore been postulated as one possible mechanism by which insulin regulates the expression of some genes. We have previously shown using cycloheximide that ongoing protein synthesis is required for transcriptional activation by insulin of FAS and p90, a mouse cDNA with sequence identity to Escherichia coli glycerol-3-phosphate acyltransferase, in streptozotocin-diabetic animals [5, 40] . However 
